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A m a j o r and c o n t i n u i n g concern i n t h e f i b e r -c o m p o s i t e s community has been t h e a c c u r a t e p r e d i c t i o n (even a good a p p r o x i m a t i o n ) of t h e s t r u c t u r a l d u r a b i 1i t y and damage t o l e r a n c e o f f i b e r composite s t r u c t u r e s i n s e r v i c e e n v i r o nments. Hygrothermomechanical s e r v i c e environments a r e of m a j o r concern; t h a t i s , temperature, m o i s t u r e , mechanical l o a d s ( s t a t i c , c y c l i c , and i m p a c t ) , and v a r i o u s combinations o f these environments. I n response t o t h i s concern, a r e c e n t r e s e a r c h e f ( 1 ) F a t i g u e and f r a c t u r e o f smooth and notched l a m i n a t e s ( 2 ) Impact r e s i s t a n c e ( 3 ) Residual s t r e n g t h a f t e r impact ( 4 ) Residual s t r e s s e s ( 5 ) F a t i g u e and f r a c t u r e a f t e r thermal c y c l i n g (6) Crack development a f t e r thermal c y c l i n g ( 7 ) Thermal and mechanical l o a d c y c l e s t o m i c r o c r a c k f o r m a t i o n P r e d i c t e d r e s u l t s a r e compared w i t h a v a i l a b l e e x p e r i m e n t a l d a t a and d i s c u s s e d w i t h r e s p e c t t o t h e i r s i g n i f i c a n c e and a p p l i c a t i o n t o d e s i g n .
FUNDAMENTAL CONSIDERATIONS
Several fundamental a s p e c t s u n d e r l i e t h e development o f t h e s i m p l i f i e d p r e d i c t i v e methods i n c l u d e d i n t h i s paper. f i c a t i o n s a r e as follows:
These aspects and r e s p e c t i v e j u s t i -1 .
.
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Holes, s l i t s , and i m p a c t damage ( d e f e c t s ) induce s i m i l a r s t r e n g t h d e g r a d a t i o n i n f i b e r -c o m p o s i t e l a m i n a t e s where t h e c h a r a c t e r i s t i c dimensions o f these d e f e c t s a r e n e g l i g i b l e compared t o t h e p l a n f o r m dimensions o f t h e l a m i n a t e . I f t h i s i s n o t t h e case, t h e e f f e c t s o f t h e d e f e c t s must be e v a l u a t e d u s i n g a p p r o p r i a t e s t r u c t u r a l a n a l y s e s . Experimental d a t a f o r h o l e s and s l i t s a r e shown i n f i g u r e 1 ( r e f . l ) , f i g u r e 2 ( r e f . 21, and i n t a b l e I ( r e f . 2 ) . I t i s w o r t h n o t i n g i n t a b l e I t h a t t h e f a i l u r e modes a r e a l m o s t i d e n t i c a l f o r t h e smooth (unnotched) and d e f e c t e d (notched) l a m i n a t e s . F a t i g u e degrades a l l p l y s t r e n g t h s a t a p p r o x i m a t e l y t h e same r a t e . E x p e r i m e n t a l d a t a f o r l o n g i t u d i n a l compression, t r a n s v e r s e compression, and i n t e r l a m i n a r shear [z45Is f a t i g u e i s shown i n f i g u r e 3 ( r e f . 3 ) .
A d d i t i o n a l r e l e v a n t d a t a a r e i n c l u d e d i n r e f e r e n c e 4. A l l t y p e s o f f a t i g u e degrade l a m i n a t e s t r e n g t h l i n e a r l y on a s e m i l o g p l o t i n c l u d i n g : ( a ) mechanical ( t e n s i o n , compression, shear, and bendi n g ) ; ( b ) thermal ( e l e v a t e d and c r y o g e n i c t e m p e r a t u r e ) ; ( c ) h y g r a l ( m o i s t u r e ) ; and ( d ) combinations (mechanical, t h e r m a l , h y g r a l , and r e v e r s e -t e n s i o n compression). Experimental d a t a f o r compression f a t i g u e i s shown i n f i g u r e 4 ( r e f . 1 ) .
Laminates g e n e r a l l y e x h i b i t l i n e a r b e h a v i o r t o i n i t i a l damage under u n i a x i a l or combined l o a d i n g i n c l u d i n g hygrothermal e f f e c t s .
A l l p l y s t r e s s e s (mechanical, t h e r m a l , and h y g r a l ) a r e p r e d i c t a b l e by u s i n g l i n e a r l a m i n a t e t h e o r y . (3) Generate t a b l e s for t h e s t r e s s c o n c e n t r a t i o n f a c t o r s a t r e g u l a r a n g l e i n t e r v a l s ( a b o u t 5 " ) by u s i n g e q u a t i o n s i n f i g u r e 6 and t h e tangent i a l modulus e q u a t i o n which can be found i n appendix B. 
I t i s understood t h a t THERMAL FATIGUE AND THERMAL CYCLES TO I N I T I A L CRACKING
The s i m p l i f i e d method, c r i t e r i a , concept, and e q u a t i o n t o p r e d i c t t h e thermal c y c l e s t o i n i t i a l t r a n s p l y c r a c k i n g ( r e f e r r e d t o as m i c r o c r a c k i n g i n t h e l i t e r a t u r e ( r e f . 1 2 ) ) a r e summarized i n f i g u r e 1 1 . I t i s i m p o r t a n t t o n o t e i n t h i s f i g u r e t h a t t h e c y c l i c t e m p e r a t u r e a m p l i t u d e AT i s measured from t h e c u r e temperature which i s d i f f e r e n t t h a n t h e g l a s s t r a n s i t i o n t e m p e r a t u r e ( d r y or w e t ) . 
To demonstrate, t h i s procedure was used t o p r e d i c t t h e number of thermal c y c l e s t o t r a n s p l y c r a c k i n i t i a t i o n f o r two l a m i n a t e c o n f i g u r a t i o n s w i t h t h r e e d i f f e r e n t c y c l i c temperatures ( A T = -100, -280, and -600 O F ) .
The r e s u l t s a r e summarized i n t a b l e 11. ( 2 ) The s e n s i t i v i t y i s more m a n i f e s t i n c r y o g e n i c t e m p e r a t u r e c y c l i n g t h a n i n e l e v a t e d temperature c y c l i n g . 
As expected, t h e l a m i n a t e c o n f i g u r a t i o n and t h e c y c l i c temperature i n f l u e n c e t h e number o f thermal c y c l e s t o t r a n s p l y c r a c k i n i t i at i o n . One v e r y i n t e r e s t i n g and s u r p r i s i n g r e s u l t i s t h e h i g h s e n s i t i v i t y o f t h e thermal c y c l e s t o r e l a t i v e l y small changes i n t h e magnitude o f t h e thermal p l y -t r a n s v e r s e s t r e s s a t c r y o g e n i c t e m p e r a t u r e s . A s can be seen i n t h e t a b l e , an i n c r e a s e o f 2 p e r c e n t i n c r y o g e n i c s t r e s s magnitude causes a decrease o f 44 p e r c e n t i n thermal c y c l e s . F a c t o r s which c o n t r i b u t e t o t h e t r a n s v e r s e p l y s t r e s s w i l l a l s o c o n t r i b u t e s i g n i f i c a n t l y t o t h e number o f thermal c y c l e s t o i n i t i a l t r a n s p l y c r
The s e n s i t i v i t y of t h e t e m p e r a t u r e p r o f i l e t h r o u g h t h e l a m i n a t e t h i c k n e s s on t h e number o f t h e r m a l . c y c l e s t o i n i t i a l t r a n s p l y c r a c k i n g i s shown i n t a b l e 111. A s can be seen i t i s v e r y s i g n i f i c a n t . I t a l s o i l l u s t r a t e s , i n p a r t , t h e d i f f i c u l t y t h a t would be encountered i n p i n p o i n t i n g t h i s number by measurement. The r e s u l t s i n t h i s t a b l e a l s o show t h a t t h e s m a l l e s t number of c y c l e s o c c u r s f o r t h e p l y w i t h t h e g r e a t e s t t e m p e r a t u r
The i m p o r t a n t c o n c l u s i o n from t h i s d i s c u s s i o n i s t h a t t h e p r e d i c t i v e model i n f i g u r e 1 1 p r o v i d e s a s i m p l e and e f f e c t i v e means t o e s t i m a t e t h e t h e r m a l c y c l e s t o i n i t i a l t r a n s p l y c r a c k i n g and i t s s e n s i t i v i t y t o v a r i o u s p a r t i c i p a ti n g parameters.
The symbo t h r o u g h o u t t h e
APPENDIX A -SYMBOLS s i n t h i s l i s t a r e found i n t h e schematics and e q u a t i o n s paper and a r e summarized h e r e for convenience. The t a n g e n t
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